A significant role for micro (mi)RNA in the regulation of gene expression in tumours has been recently established. In order to further understand how miRNA expression may contribute to prostate tumour growth and progression, we evaluated expression of miRNA in two invasive prostate tumour lines, PC3 and DU145, and compared it to that in normal prostate epithelial cells. Although a number of miRNAs were differentially expressed, we focused our analysis on miR-105, a novel miRNA not previously linked to prostate cancer. miR-105 levels were significantly decreased in both tumour cell lines in comparison to normal prostate epithelial cells. To determine its potential role in prostate cancer pathogenesis, we overexpressed miR-105 in both PC3 and DU145 cells and determined its effect on various tumourigenic properties. miR-105 overexpression inhibited tumour cell proliferation, tumour growth in anchorage-independent three-dimensional conditions and tumour invasion in vitro, properties of highly aggressive tumour cells. Of potential clinical significance, miR-105 overexpression inhibited tumour growth in vivo in xenograft models using these cell lines. We further identified CDK6 as a putative target of miR-105 which is likely a main contributor to the inhibition of tumour cell growth observed in our assays. Our results suggest that miR-105 inhibits tumour cell proliferation and hence may represent a novel therapeutically relevant cellular target to inhibit tumour growth or a marker of aggressive tumours in prostate cancer patients.
Introduction
Micro(mi) RNAs are small RNA inhibitors which have been shown to play an important role in regulating gene expression in a number of organisms. miRNAs were first discovered in Caenorhabditis elegans (C. elegans) [1, 2] , and were subsequently shown to block gene expression by post-transcriptional binding and silencing of specific mRNA sequences. The transcription and processing of miRNA into its mature form has been recently described in extensive detail elsewhere [3] [4] [5] . Briefly, miRNA molecules are ,19-22 nucleotides long and can be transcribed from either intergenic regions or within gene introns or exons [6] . Mature miRNA is then bound and unwound by the Argonaute protein and incorporated into the RISC, a protein complex which helps guide the mature miRNA strand to its target mRNA binding site [7] via a 5-7 nucleotide seed sequence within the mature miR strand [8] . After binding its target, the complex causes either inhibition of translation or degradation of the target mRNA molecule [9] .
In recent years, miRNAs have been shown to play a role in many diseases, such as cancer [10] , heart disease [11] , and diabetes [12, 13] . Prostate cancer is no exception, and studies have shown that miRNA dysregulation occurs in the majority of prostate tumours [13] [14] [15] . Some of these dysregulated miRNAs have been shown to modulate the prostate cancer phenotype by affecting crucial growth regulatory targets such as K-Ras [16] , androgen receptor [17] and cyclin D1 [18] . Other miRNAs, for example, miR-21, have been dubbed 'oncomirs' as a result of their overexpression leading to the promotion of tumour phenotypes in numerous cancer types [19] [20] [21] . There are also miRNAs that function as tumour suppressors, and inhibit the tumourigenic phenotype in cancer cells. For example, miR-143 is downregulated in many cancers, as it has been shown to regulate, and allow expression of genes that promote proliferation and migration, such as K-Ras and cyclinD1 [16] . Moreover, modulating cellular miRNA expression using depletion strategies [22] or overexpression of miRNAs [23] , can regulate tumour phenotype both in vitro and in vivo. Thus increasing our understanding of miRNA dysregulation in prostate cancer will facilitate our understanding of prostate cancer progression and could also identify important novel therapeutic targets and predictive miRNA signatures for advanced and/or aggressive disease.
Given their important role in modulating the tumourigenic phenotype, we set out to identify miRNAs that play a significant role in mediating growth and invasion of aggressive prostate tumour cells. To this end, we performed a miRNA microarray experiment to compare the miRNA expression profiles of normal prostate epithelial cells (PrEC) with those of two well characterized metastatic prostate tumour cell lines (PC3 and DU145). Although a number of significant differences were uncovered, we focused our study on determining the role of differentially expressed miRNAs not previously reported to regulate prostate tumour progression. Hence, we examined the role of miR-105 in this study, which demonstrated significantly decreased expression in both metastatic prostate tumour cell lines when compared to PrEC.
miR-105 belongs to a group of miRs whose levels are regulated in cancer cells by preventing export of their Drosha/DGCR8 processed pre-miR forms from the nucleus into the cytoplasm [24] . Overexpression of miR-105 was also shown to be associated with changes in proliferation markers in primary ovarian granulosa cells [25] . Given these observations together with our array data, we evaluated the role of miR-105 as a potential novel regulator of prostate cancer cell proliferation, anchorage-independent growth and invasion in vitro and tumour growth of xenografted prostate cancer cells in vivo. Overall our data suggests that miR-105 inhibits growth of prostate tumours both in vitro and in vivo.
Materials and Methods

Cells and media
PC3 and DU145 human prostate carcinoma cells were obtained from ATCC (Manassas, VA). These cells were grown in Dulbecco's Modified Eagle Medium (DMEM, Mediatech Inc, Manassas, VA) supplemented with 10% Fetal Bovine Serum (FBS). PrEC (Normal Prostate Epithelial Cells) were obtained from Lonza (Walkersville, MD), and were grown in PrEGM (Lonza, Walkersville, MD) for expansion. PrEC were only used between passages 4-10. All cells were grown at 37uC in 5% CO 2 in a humidified chamber. For three-dimensional (3D) anchorage independent growth assays, 26 alpha MEM was obtained from Gibco, Grand Island, NY).
Cell Transfection
Cells were seeded at an ,40-50% density, and following adherence overnight were transfected with miRIDIAN hsa-miR-105 specific mimic or the cel-miR-67 control mimic miRNAs (all from Dharmacon, Lafayette, CO) using Oligofectamine TM (Invitrogen, Carlsbad, CA) in Opti-MEMH (Invitrogen, Carlsbad, CA) as described by the manufacturer. Cel-miR-67 is based on a sequence for a C. elegans miRNA that shows no sequence similarities to any human, mouse or rat genomic sequences as analyzed by BLAST searches, nor any effect on human miRNA function (www.dharmacon.com). It has been used as an effective control for miRNA overexpression or inhibition by a number of previous studies [26] [27] [28] . For reduction of miR-105 levels in cells, miRIDIAN hairpin inhibitors to miR-105 or control hairpin inhibitors (to cel-miR-67) were used (both from Dharmacon, Lafayette CO) and were transfected into cells using similar approaches. Transfection efficiencies in all cases were monitored by fluorescence of the tagged control miRNA and by quantitative reverse transcription polymerase chain reaction (qRT-PCR) for specific miRNAs as described below.
Microarrays
GenechipH Human Gene 1.0 ST and GenechipH microRNA microarrays (Affymetrix, Santa Clara, CA) were used for microarray analysis of samples. RNA was isolated from the cell lines using the miRNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. mRNA samples for the GenechipH Human Gene 1.0 ST were prepared using the Wholetranscript Sense Target Labeling Assay (Affymetrix, Santa Clara, CA). miRNA samples for the GenechipH microRNA microarrays were prepared with the Flashtag TM Biotin HSR kit (Genisphere, Hatfield, PA). Prepared samples were then sent to Stemcore Laboratories (Ottawa, ON) for microarray processing. Microarray data were analyzed using the FlexArray software package [29] (URL http://genomequebec.mcgill.ca/FlexArray). Annotation files of chip compositions were obtained from the Affymetrix website (www.affymetrix.com) and were used to generate target lists for Human Gene microarray data.
Quantitative real time-polymerase chain reaction (qRT-PCR)
For qRT-PCR, total RNA containing small RNAs was prepared from either human cancer cells or tumour xenograft tissue using the miRNeasy kit (Qiagen, Valencia, CA). Total RNA concentration was assessed using a Nanodrop Spectrophotometer (Thermo Scientific, Wilmington, DE). For miRNAs, RNA samples (diluted to 5 ng/ul in nuclease-free water) were reverse transcribed using the TaqmanH microRNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA) as per manufacturer's instructions, using specific miRNA primers (TaqMan primer sets for hsa-miR-103: Cat. #4427975, RNU24: Cat. #4427975, or hsa-miR-105: Cat. #4427975 were used). cDNAs were then amplified by qPCR using miRNA-specific TaqMan primers in a 7500 Fast Real-Time PCR system (Applied Biosystems, Carlsbad, CA). Results were normalized to the levels of amplified hsa-miR-103 or RNU24 as endogenous controls and fold differences calculated using the 7500 FAST software (version 2.0, Applied Biosciences).
For analysis of mRNA, total RNA samples were reverse transcribed using random hexamers and MMLV Reverse Transcriptase (Invitrogen, Carlsbad, CA). For qRT-PCR, specific amplicons for b-actin and CDK6 were generated using RT 2 Fast SYBRH Green/Rox TM qPCR Master Mix (SABiosciences, Frederick, MD) in conjunction with the following primer pairs: b-actin, Forward: 59-GGGCATGGGTCAGAAGGAT-39, Reverse: 59-GTGGCCATCTCTTGCTCGA-39; Cdk6, Forward: 59-TGATCAACTAGGAAAAATCTTGGAC-39 Reverse: 59-GGCAACATCTCTAGGCCAGT-39 using an ABI 7500 FAST Real Time PCR System. All primers were designed using the online Roche primer design tool (https://www.roche-appliedscience.com/sis/rtpcr/upl/index.jsp?id = UP030000). The results were analyzed using the 7500 FAST software (version 2.0) and the levels of CDK6 were normalized to b-actin.
MTT assays
Cells were transfected with miRNA mimics or hairpin inhibitors as described above, and seeded into 96-well plates at 2500 cells per well. For tumour cell lines, MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added at 24 hour intervals to wells for 3-4 hours, and subsequently 0.01 N HCl in 10% SDS lysis solution was added. The plate was then incubated overnight and absorbance was read at 570 nm in a Multiskan Ascent plate reader (Thermo Scientific, Rockford, IL). For PrEC, due to their slow population doubling time, Alamar Blue reagent (Invitrogen, Mississauga ON) was instead used according to the manufacturer's directions and absorbance measured similarly.
non-adherent cells were pooled with trypsinized adherent cells from each dish, washed with cold PBS and then fixed and permeabilized in 100% ethanol by incubation at 220uC for a minimum of 24 hours. Cells were again washed in PBS, followed by staining with propidium iodide (PI) solution (48 mg/ml propidium iodide, 40 mg/ml RNase A in PBS) for 30 minutes at 4uC. Samples were then analyzed using a Coulter EPICS XL flow cytometer (Beckman-Coulter, Mississauga, ON) on the FL2 channel. The percentage of apoptotic cells with less than 2 N DNA content was determined using FCS Express flow cytometry analysis software (De Novo Software, Los Angeles, CA). The proportion of cells in G1 and G2/M was determined using ModFit LT (Verity Software House, Topsham, ME).
For western blot analysis, total protein lysates from harvested cells (adherent and non-adherent) were generated following lysis in Frack's lysis buffer as described in detail below. Western blots were performed as described below, to visualize the cleavage of PARP as an indication of the degree of apoptosis occurring in treated cells.
Anchorage-independent three-dimensional (3D) growth assays Cells were transfected as described. Twenty-four hours after transfection, cells were resuspended at various dilutions in a 1:1 mixture of 1% agarose with 26 alpha-MEM +20% FBS and were overlayed on a base layer composed of a 1:1 mixture of 1.5% agarose with 26 alpha-MEM +20% FBS in 24 well plates. The agarose mixtures were allowed to solidify briefly at room temperature until they became viscous, at which time they were placed at 37uC for 14 days. Two weeks later, representative photos were taken of each well using a Nikon digital camera on an Olympus CK2 inverted phase-contrast microscope at 1006 magnification, which were then assessed for colony number and size.
Scratch wound assays
Twenty-four hours post-transfection cells were seeded into 6-well plates at a density that would ensure cell confluency the next day. Cell monolayers were then scratched using a sterile wounding tool, and 4 images/well were acquired with a digital camera (Nikon, Mississauga, ON) at 0 and 48 hour time points at 406 magnification using an Eclipse TE2000-U microscope (Nikon). Wound diameters in images were measured and percentage wound closure was calculated as follows: [(wound diameter at 48 hours -wound diameter at 0 hours)/wound diameter at 0 hours] 6100.
Invasion assays
Cells were transfected as described above. The next day, cells were harvested and placed in serum free DMEM in the top chamber of a Matrigel-coated transwell (BD Biocoat growth-factor reduced Matrigel Invasion Chamber, PET membranes, Mississauga, ON), and allowed to migrate towards serum containing DMEM in the bottom well for 24 hours. Afterwards, the Matrigel and all non-invaded cells were removed and invasive cells on the underside of the transwell filter were visualized by crystal violet (0.5% crystal violet solution in 25% methanol). Invasive cells were then quantified following microscopic quantification at 1006 magnification, across the entire membrane. Results are expressed as the mean total invaded cells/well in duplicate wells, for three pooled independent experiments.
In vivo tumour xenograft models
Five-week old CD1 nude mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in the Animal Care and Veterinary Services facility at the University of Ottawa. All protocols performed using mouse models were approved by the University of Ottawa Animal Care Committee and conformed to the guidelines set by the Animals for Research Act and the Canadian Council on Animal Care's Guide to the Care and Use of Experimental Animals, Vol. 1, 2nd ed., 1993) and meet standards of practice in the disciplines of laboratory animal science and laboratory animal veterinary medicine.
For xenograft models, transfected PC3 or DU145 cells were harvested 24 hours post-transfection, and 1610 6 cells in 150 uL of sterile PBS were injected subcutaneously into both hind flanks of the mice. Tumour measurements were taken weekly following caliper measurements of visible subcutaneous tumours. Volume was calculated using the formula [Volume = (width) 2 6 (length/ 2)]. At necropsy, dissected tumours were measured in three dimensions to calculate tumour volume, wet tumour weight was obtained, and tumour tissue samples were obtained and immediately fixed in 10% formalin solution (Sigma, St. Louis, MO) for histological analysis. In most cases, RNA from a portion of each tumour was extracted, and levels of miR-105 were quantified as described above. Levels of miR-105 expression were normalized to endogenous levels of RNU24, and then subsequently normalized to the average miR-105 level of control mimic treated tumour samples in each case.
Antibodies and Western Immunoblotting
Total protein from cells was generated following lysis in Frack's buffer (10mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, ddH 2 O) and sonication using a Sonicator 3000 (Misonix, Newtown, CT). The homogenized samples were then centrifuged in a microfuge for 30 minutes at 4uC and cleared supernatants were transferred to fresh tubes and stored at 220uC. For western blot analysis, equal amounts of total protein were separated on 10% SDS-PAGE gels. Proteins were then transferred to Hybond TM -C Extra nitrocellulose membranes (GE Healthcare, Piscataway, NJ), and membranes blocked using 5% skim milk powder in Tris buffered saline with Tween (TBST; 10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween 20; herein referred to as 5% milk) or 5% bovine serum albumin (BSA) in TBST (herein referred to as 5% BSA) for 1 hour. Specific proteins were subsequently detected following incubation in primary antibody diluted in 5% milk or 5% BSA overnight at 4uC. Monoclonal mouse anti-b-actin antibody from Sigma-Aldrich (St. Louis, MO) was used in western blots at a 1:5,000-1:10,000 dilution. Monoclonal rabbit anti-Cdk6 (Novus Biologicals, Littleton, CO) was used at a 1:500 dilution, and polyclonal rabbit anti-PARP (Cell Signaling, Danvers, MA) was used at a 1:1,000 dilution in western blot analysis. Horse-radish peroxidase (HRP) conjugated secondary antibodies to mouse or rabbit IgG were obtained from Sigma and used at 1:5,000 or 1:10,000 dilutions for visualization of bound primary antibodies in western blots. Following incubation in primary antibody, blots were incubated in diluted HRPconjugated secondary antibody at room temperature for 1 hour. Proteins were then visualized using the Immobilon Western chemiluminescent HRP substrate (Millipore, Billerica, MA) and exposing the blots to film (HyBlot CL autoradiography sheets, Denville Scientific, Metuchen, NJ). For re-probing of blots, membranes were stripped using Restore PLUS Western Blot stripping buffer (Thermo Scientific, Rockford, IL), re-blocked and then re-probed with additional antibodies.
miR-105 Inhibits Prostate Cancer Growth Graphical and Statistical Analysis
All data was plotted using GraphPad Prism software (version 3.02, GraphPad Software, San Diego, CA). Statistical differences for single comparison tests were determined using two-tailed unpaired t-test with a 95% confidence interval. For multiple comparisons a non-parametric one-way ANOVA test with a 95% confidence interval was used. Tests were performed using the statistical programs within the GraphPad Prism software (version 3.02, GraphPad Software, San Diego, CA). Results with a p-value of less than 0.05 were deemed significant.
Results
miR-105 expression is decreased in prostate cancer cell lines compared to normal prostate epithelium
We compared miRNA expression of metastatic prostate tumour cells (PC3 and DU145) with that of normal prostate epithelial cells (PrEC) using Affymetrix chip profiling as described in the materials and methods. Although we initially only performed microarrays with a sample size of 1 for each cell type, a significant number of miRNAs were found to be differentially expressed in both tumour cell lines as compared to PrEC, including many miRNAs already shown to be associated with prostate cancer such as miR-205 [30] , miR-200 [31] and miR-146a [32] . We subsequently validated differentially expressed miRNA targets, however as the role of many of these miRNAs in cancer had been previously described, we were more interested in determining the function of miRNAs whose oncogenic role had not previously been defined. Thus, we focused our efforts on miR-105, and determined its levels were approximately 62% and 67% lower in the tumour cell lines PC3 and DU145 respectively as compared to in PrEC following analysis by qRT-PCR (Fig. 1) . In this assay, levels of miR-105 were normalized to endogenous levels of RNU24 or miR-103, as these two miRNAs have been previously shown to be stably expressed in both tumour and normal cells and thus represented appropriate normalization controls [33, 34] . Given that miR-105 is reduced in both metastatic prostate tumour cell lines compared to normal prostate epithelium, we hypothesized that miR-105 expression may inhibit prostate tumour cell growth or invasion.
Characterization of miR-105 overexpression in prostate tumour cell lines
To study the effects of modulation of miR-105 expression on various aspects of tumourigenesis, we used MIRIDIAN miRNA mimics (Dharmacon). Hsa-miR-105 and cel-miR-67 (which has no known homology to human sequences) were used as the specific and control mimic miRNAs, respectively. The most effective mimic concentration resulting in significantly increased miR-105 levels was determined following transfection of different concentrations (2 nM, 10 nM, 50 nM, and 100 nM) of mimics and quantification of the level of miR-105 expression in transfected cells using qRT-PCR. We found that 50 nM of miR-105 mimic was sufficient to significantly overexpress miR-105 in PC3 ( Fig. 2A) and DU145 (data not shown) cells as compared to control mimic transfected cells. We also tested the duration of miR-105 overexpression in PC3 cells following transfection of 50 nM of miR-105 or control mimics, and measured miR-105 levels over 7 days post-transfection (Fig. 2B) . miR-105 expression peaked at 5 days post-transfection of mimic, and began to decline at 7 days but still persisted at relatively high levels. Control mimic-treated cells showed no change in expression of miR-105 levels over the same time course. We also compared miR-105 levels in mimic transfected PC3 and DU145 cells to the endogenous levels of miR-105 in PrEC (Fig. 2C ). Tumour cells transfected with 50 nM miR-105 mimic expressed approximately 15-fold higher levels of miR-105 than that found endogenously in normal PrEC.
miR-105 overexpression suppresses tumour cell growth in vitro
In order to evaluate the effects of miR-105 overexpression on tumourigenic properties, we transfected prostate tumour cell lines with miR-105-specific or control mimics at 50 nM. In the various assays described below, cells were used to initiate experiments at 24 hours post-transfection, a concentration and time-point whereby readily detectable levels of miR-105 overexpression were observed (Fig. 2B) . We initially examined the effect of miR-105 overexpression on tumour cell growth and viability in PC3 (Fig. 3A) and DU145 (Fig. 3B ) cells using the MTT cell viability assay. Cell viability was assessed over time, and at 96 hours postseeding (120 hours post-transfection) we found that elevated miR-105 levels reduced the relative viable cell number by 55% and 31% for PC3 and DU145 respectively, when compared to control mimic-overexpressing cells. Thus miR-105 overexpression inhibits prostate tumour cell growth.
To support our findings, we also assessed whether depletion of miR-105 in normal PrEC altered their growth or viability. Following transfection with 50 nM miR-105 hairpin inhibitor, we observed that the growth of PrEC was modestly enhanced following inhibition of endogenous miR-105 (Fig. 3C) . These findings thus support the role of miR-105 as an inhibitor of cell growth.
miR-105 overexpression does not affect prostate tumour cell apoptosis
As cell number/viability was assessed by MTT assay, the reduction observed following miR-105 overexpression could be due to either increased levels of apoptosis or decreased cell proliferation. To determine whether miR-105 overexpression induced apoptosis in PC3 cells, we used two standard methods. Levels of apoptosis induced following serum withdrawal were determined following detection of the subG1 proportion of propidium iodide stained cells (Fig. 3D and 3E for PC3 and  DU145 cells, respectively) . Furthermore, apoptosis of cells was also (Fig 3F) . No significant differences were observed in the levels of cell apoptosis when miR-105 was overexpressed as measured by either method under either normal growth conditions (data not shown) or under conditions of serum starvation (Fig. 3D-F) . These data suggest that the reduced viable cell numbers observed in the MTT assays were more likely the result of inhibition of tumour cell growth and proliferation over time. We also assessed the percentage of cells in various stages of the cell cycle using the estimation program ModFit as described in materials and methods. We observed a slight decrease in the number of serum starved (for 48 hours) miR-105 expressing PC3 cells in G1 phase (46+3% vs 37+3% for control vs. miR-105 mimic) with a concomitant increase in the number of cells in G2 (52+2% vs. 62+2% for control vs miR-105 mimic) and no significant changes in S-phase (2+1% vs. 1+1%). This suggests that although no increases in apoptosis may result from miR-105 overexpression, PC3 cell growth may become arrested in G2. In DU145 cells, miR-105 expression resulted in slight decreases in G1 (64+1% vs. 61+2%), and G2 (36+0.3% vs. 30+2%), however, slight increases in the number of cells in S-phase (0.2+0.2% vs. 9+4%) were apparent. As none of these differences were found to be statistically significant, taken together our results suggest that there is no significant effect of miR-105 of the regulation of apoptosis in prostate tumour cells.
miR-105 over-expression suppresses anchorageindependent growth in vitro
We also tested the effect of miR-105 overexpression on prostate tumour cell growth in anchorage-independent 3D conditions using soft agarose assays. Following a two week incubation period, the number of colonies was counted in each well. The ability of PC3 were assessed using TaqMan qRT-PCR. miR-105 expression increased over time, and peaked at 120 hours post-transfection before declining, while miR-105 levels remained similar in control mimic-transfected cells over time. In all cases levels were normalized to endogenous levels of RNU24 as an internal control. The graph represents the mean and standard error of 3 replicates from one experiment. Similar results were observed in other independent experiments. *** represents p,0.001 as compared to control mimic-transfected cells for panels A and B. (C) Levels of miR-105 were determined in untransfected PrEC, PC3 or DU145 cells and compared to levels in PC3 or DU145 cells transfected with 50 nM miR-105 or cel-miR-67 mimics. In all cases levels were normalized to endogenous levels of RNU24 as an internal control, and to endogenous levels in PrEC. Bars represent the mean and standard error of 3 replicates from one experiment. Similar results were observed in other independent experiments. * represents p,0.05 and *** represents p,0.001. doi:10.1371/journal.pone.0070515.g002 miR-105 Inhibits Prostate Cancer Growth PLOS ONE | www.plosone.org (Fig. 4A&C) or DU145 (Fig. 4B&D ) cells overexpressing miR-105 to form colonies in 3D was reduced by 36% and 43% respectively, when compared to cells transfected with control mimics. Taken together, our results suggest that increased levels of miR-105 suppress tumour cell growth in both 2D and 3D growth conditions.
Overexpression of miR-105 inhibits tumour cell migration and invasion
We next evaluated whether miR-105 overexpression affected tumour cell migration and invasion. To test this, miR-105 transfected cells were used in a standard scratch wound assay. We found that the migration of miR-105 mimic-treated PC3 cells over a 48 hour time period was significantly inhibited compared to control mimic-transfected cells (Fig. 5A and 5B). In contrast, we did not observe any significant inhibition in the migration of miR-105 transfected DU145 cells in the scratch wound assay (data not shown). As wound closure rates can be influenced by cell proliferation, and we had previously noted that miR-105 overexpression significantly inhibited PC3 cell growth and moderately inhibited DU145 cell growth, we investigated the ability of miR-105 to inhibit tumour cell invasion using Matrigelcoated transwell invasion chambers. Since this is a short term assay, cell proliferation should not play a significant role, and any observed effects will mostly be a result of direct impact on cell migration and invasion through Matrigel. In this assay, we found that the number of invasive PC3 cells transfected with miR-105 mimics was significantly reduced as compared to control mimictransfected cells (Fig. 5C) . We also observed a trend in miR-105 transfected DU145 cells to be less invasive than mimic control transfected cells (Fig. 5D) . Thus, overexpression of miR-105 also appears to inhibit tumour cell migration and invasion.
Overexpression of miR-105 inhibits subcutaneous growth of prostate tumour cells in vivo
We next examined the effects of miR-105 overexpression on in vivo tumour xenograft growth in immunocompromised mice. PC3 or DU145 cells transfected with either miR-105 specific or control mimics were harvested 24 hours later, and 1610 6 cells were injected subcutaneously into each flank of immunocompromised nude mice. Tumour growth was measured weekly, and tumour volumes were assessed for PC3 (Fig. 6A) and DU145 (Fig. 6B ) tumour growth over time. We found that the growth of PC3 tumours was significantly inhibited following overexpression of miR-105 mimics when compared to control mimic-transfected PC3 cells (Fig. 6A) . At the termination of the experiment, wet tumour weight was also determined, and it was confirmed that miR-105 overexpressing tumours weighed on average 73% less than the control tumours (Fig. 6C) . Although not statistically significant, we also observed reduced DU145 tumour growth in miR-105 transfected as compared to controls over a longer time course (Fig. 6B) . At endpoint, the weight of tumours derived from miR-105 transfected DU145 cells was approximately 82% less than those derived from control mimic transfected cells (Fig. 6D ).
It should be noted however, that DU145 derived tumours had a much longer latency and were overall much smaller than PC3 cell derived tumours which likely contributed to only an inhibitory trend being observed in the growth inhibition noted between miR-105 and control mimic-expressing xenografted tumour cells. In addition, histological staining of tumour sections from both PC3 (Fig. 6E) and DU145 (Fig. 6F ) derived tumours showed no major cellular or morphological differences between control and miR-105 mimic-treated cells. At experimental endpoint, total RNA was extracted from tumour samples and the levels of miR-105 expression were assessed using qRT-PCR. Not surprisingly, similar levels of miR-105 expression were observed in all tumours analyzed at endpoint (relative fold differences of 1.060.6 for control and 2.261.5 for miR-105 mimic-transfected PC3 derived tumours). Similar results were observed for DU145 (data not shown). These results support the contention that miR-105 
miR-105 targets Cdk6 in prostate tumour cells
To determine the mechanism through which miR-105 overexpression was inhibiting tumour growth and invasion, we attempted to identify relevant mRNA targets of miR-105. To do this, we compared the gene expression profiles of PC3 cells transfected with either the miR-105 or control mimic using Affymetrix GeneChip Human Gene 1.0 ST microarrays (n = 1). As we presumed that the main mechanism of miR-105 modulation of the observed cell phenotypes was via downregulation of specific gene products, we were particularly interested in targets that were down-regulated in miR-105 overexpressing cells as compared to control mimic-transfected cells. Our top down-regulated target was CDK6, an important cell-cycle regulatory protein, and a likely candidate to explain the reduced 2D and 3D growth we previously observed. We thus validated the microarray findings using qRT-PCR for CDK6 message. We found that CDK6 expression was significantly reduced in PC3 cells treated with 50 nM of miR-105 compared to control mimic-transfected cells over 96 hours (Fig. 7A) . To confirm these findings, we also examined the protein levels of Cdk6 by immunoblot analysis. We found that the level of Cdk6 protein was also reduced in PC3 cells transfected with miR-105 over 96 hours as compared to control mimic-transfected cells (Fig. 7B) , thus confirming our results and suggesting that Cdk6 is a target of miR-105. As we had originally determined that miR-105 was higher in normal prostate epithelial cells as compared to tumour cells, we examined the relative expression of CDK6 between normal PrEC cells and PC3 tumour cells. Consistent with our results, we found that the message levels of CDK6 were elevated in the PC3 cell line as compared to PrEC (Fig. 7C) , further demonstrating the inverse correlation between miR-105 and CDK6 expression. This was also observed at the protein level following transfection of PrEC with miR-105 hairpin inhibitors. As seen in Fig. 7D , PrEC transfected with miR-105 hairpin inhibitors had elevated Cdk6 expression compared to control cells, again supporting the notion that miR-105 is able to target CDK6 message. Taken together our results suggest that as described in materials and methods. Average wound closure measurements at three different points along wound edge were quantified in each of two independent wells. Bars represent pooled mean and standard error of duplicate dishes in each of two independent experiments. Wound closure after 48 hours was significantly less (** represents p,0.01) in the miR-105 mimic-expressing compared to control mimic-transfected cells. (C) PC3 or (D) DU145 cell invasion was measured over 24 hours using Matrigel-coated transwells as described. The total number of invasive cells on the underside of each filter were counted and expressed in the graph as the pooled mean and standard error from duplicate wells in three independent experiments. There were significantly less (* represents p,0.05) miR-105 mimic-overexpressing invaded PC3 cells compared to control mimictransfected cells, and a similar trend was observed for DU145 cells. doi:10.1371/journal.pone.0070515.g005 miR-105 Inhibits Prostate Cancer Growth PLOS ONE | www.plosone.orgmiR-105 inhibits prostate tumour cell growth in part via its ability to downregulate the expression of the important cell cycle regulator CDK6.
Discussion
In this study we found that miR-105 overexpression inhibits the growth of both PC3 and DU145 prostate cancer cells in vitro and in vivo. We further found that the inhibition of prostate tumour growth may be attributable to the ability of miR-105 to reduce CDK6 levels, which is also supported by our data using hairpin inhibitors whereby reduced miR-105 levels in PrEC resulted in increased Cdk6 expression and enhanced growth in those cells. Cdk6 is an important cell-cycle regulator protein that acts with Cdk4 to phosphorylate and inactivate the Retinoblastoma (Rb) protein to allow cell cycle progression [35] . It regulates the transition from G1 to S phase and its dysregulation is important in many cancer types, including prostate [36] and breast cancer [37] . In cancer it has been shown that many miRs, such as miR-107 [38] , miR-129 [39] , and miR-449a/b [40] , target and downregulate CDK6 to reduce cell proliferation and invasion. It is possible that miR-105 affects CDK6 directly, as it is a predicted target of miR-105 by the online miR target prediction program Targetscan (http://www.targetscan.org/cgi-bin/targetscan/ vert_61/view_gene. cgi?taxid = 9606&rs = NM_001145306&members = miR-105/ 105ab&showcnc = 1&shownc = 1&showncf = 1), which predicts 4 seed regions in the 39 UTR of CDK6, namely 287-293, 538-544, 2625-2632 and 7613-7619. However, it also remains possible that miR-105 downregulation of CDK6 could be via indirect mechanism in our studies, which requires further investigation. The downregulation of CDK6 following miR-105 mimic overexpression in tumour cells would explain the effects on cell proliferation and invasion we see in our experiments. Also, the inverse relationship between the CDK6 and miR-105 expression levels we observed between PrEC and the prostate tumour cell lines (Fig. 7C) , together with the increase in Cdk6 expression in PrEC transfected with miR-105 hairpin inhibitors (Fig. 7D) lends further support to our hypothesis. We also observed that miR-105 overexpression impaired prostate tumour cell migration and invasion, although the mechanism by which this effect is mediated remains to be elucidated. However, it has been previously shown that Cdk6 can modulate integrin-mediated cell spreading and migration [41] , hence miR-105 targeting of CDK6 could also in part explain the migration and invasion defects we observed.
Generally, we observed similar findings in both PC3 and DU145 cells, with the exception of cell migration as assessed by scratch wound assays and the in vivo studies. In the in vivo experiments, although we observed a trend for tumours derived from miR-105 mimic-expressing DU145 to be smaller than control mimic-expressing tumours, the differences were not statistically significant. This is not surprising as we found that growth of DU145 in our xenograft models was significantly slower than that of PC3 tumours (experimental endpoints of 12 weeks compared to 7 weeks respectively). Given that we used transient overexpression of miR mimics (which appear to decrease 7-14 days post-transfection), it is likely that the overexpression of miR-105 in DU145 tumours in vivo using this method was not sufficiently durable to demonstrate significant growth differences over the extended time period of tumour growth. Despite this, we are encouraged by the fact that even transient overexpression of miR-105 in this manner was sufficient to inhibit tumour growth, which further supports the important role of miR-105 in prostate tumour growth. It is also possible that PC3 cells are more dependent on Cdk6 activity to suppress the function of Rb protein in order to proliferate as they retain wild-type Rb expression. In contrast, DU145 cells express a mutant Rb protein which is already inactive, thus the role of Cdk6 in mediating their growth is likely less crucial, and could hence account for the more modest influences of miR-105 modulation in DU145 cells we observed in our studies. This possibility is supported by the fact that many studies have recently demonstrated that tumours which are most sensitive to Cdk4/6 inhibitors are proficient for Rb [42, 43] , suggesting that these kinases drive tumour proliferation in the context of wild-type Rb activity.
Our study of miR-105 focused on its expression levels and effects in prostate cancer. However, other cancer cell lines have been shown to have decreased mature miR-105 expression, including HS766T, MiaPaca2 and Panc1 (pancreatic carcinomas), HCT-116 (colorectal carcinoma), HeLa (cervical carcinoma), and HL-60 (promyelocytic leukemia) [24] . In addition, we found that miR-105 overexpression in A549 lung carcinoma cells caused a significant decrease in cell proliferation and anchorage-independent growth (data not shown). Thus it is possible that miR-105 may play a more general role in inhibiting tumour growth in multiple cancer types, in particular those which express wild-type Rb protein. One question raised by these results is the mechanism of the repression of miR-105 levels in cancer cells. It has been suggested that the mature form of miR-105 is undetectable in certain cancer cell lines compared with abundant precursor miR-105 molecules present in the nucleus of these same cells [24] . This could be attributed to the fact that some cancers have lower levels of functional exportin-5, an important miR biogenesis protein [44] . Exportin-5 mediates pre-miRNA nuclear transport into the cytoplasm, and some cancers possess loss-of-function mutations in this gene, which inhibits mature miRNA production. It has been shown that PC3 cells have lower levels of exportin-5 than normal prostate cells (RWPE) [45] . Thus it is possible that the lower levels of exportin-5 in metastatic prostate tumour cells lead to decreases in the mature miR-105 levels that we would have quantified using the Taqman microRNA assay system.
Our findings suggest that miR-105 is a new addition to a growing list of at least 200 miRs that are dysregulated in prostate cancer [14] , and will lead to better understanding of how the disease progresses from initiation to metastasis. To date there have been multiple studies that examine the unique miR profiles associated with different cancer types, including prostate cancer. One of the largest microarray analysis to date by Shaefer et al., reported ten miRs that were significantly downregulated and five miRs that were upregulated in malignant prostate tissue compared to matched normal prostate tissue [46] . However, miR-105 was not one of the downregulated targets reported in their study. One reason for this could be due to the fact that they compared paired normal and tumour samples from patient primary tumours, and these cohorts were predominantly newly diagnosed lower risk, non-metastatic patients. As the two cell lines we used in our study were both derived from secondary metastatic prostate tumours, specifically, from a lumbar vertebrae for PC3 cells [47] , and from the central nervous system for DU145 cells [48] , it remains possible that miR-105 downregulation is associated with acquisition of a more metastatic phenotype. The microarray results of Shaefer et al. are also confounded by the fact that the investigators did not microdissect prostate tumour tissue away from intervening normal stromal cells. As prostate tumours are very heterogeneous, the relative levels of expression of the various miRNAs could be masked by the contribution of the stromal levels of miR-105 that may remain elevated.
We have recently queried the NCBI GEO datasets using the GEO2R analysis function for additional miRNA array data in prostate cancer. In support of our findings, a study comparing miRNA expression in the same cell types we examined (DU145 and PC3) found that miR-105 levels were 70% lower in the prostate tumour lines compared to the normal prostate epithelial cell line RPWE (GSE17317) [49] . Moreover, the relevance to human prostate cancer has been more recently demonstrated by Wach et al., whereby prostate tumour epithelium was microdissected away from other stromal cells prior to analysis. In this dataset, levels of miR-105 were found to be decreased by 6-fold in the prostate tumour epithelium as compared to microdissected adjacent normal prostate tissue (GSE23022) [50] . Additionally, miR-105 levels were 2.4-fold lower in the urine of prostate cancer patients as compared to those with benign prostatic hyperplasia, again supporting the contention that its levels are decreased as prostate cancer progresses (GSE39314). Also in support of our findings, a recent meta-analysis of miRNA expression datasets from hepatocellular carcinomas suggested that downregulation of miR-105 was a common feature [51] , thus investigations into its role in human prostate cancer are warranted.
Overall our findings suggest that miR-105 is a novel factor that regulates prostate tumour growth and that is likely to play a role in other cancer types. It joins a growing list of miRs that have a direct impact on cancer proliferation, anchorage-independent growth and invasion, and hopefully in the future will have applications for direct targeted miRNA therapies and in predictive biomarker applications.
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